Botrytis cinerea causes an internationally important preharvest and postharvest fruit rot of strawberry. In annual production of susceptible cultivars in Florida, losses to preharvest Botrytis fruit rot can be as high as 15% (13, 14) .
Little is known about the dynamics of Botrytis fruit rot epidemics in annual strawberry production systems. Most of the information about Botrytis fruit rot on strawberry comes from research done on perennial production systems or in the laboratory under controlled environmental conditions. Epidemics of Botrytis fruit rot are primarily initiated by conidia produced on dead strawberry leaves within the field in perennial production systems (4) . Young expanding strawberry leaves are quiescently infected by the pathogen. As the leaf senesces, the pathogen colonizes the leaf tissue and sporulates (5) . Temperature and wetness duration have the greatest effect on inoculum production. The optimum sporulation temperature in dead leaf tissue was approximately 18°C, and sporulation increased with longer wetness duration (21) . Conidia are dispersed to flowers by air or water (24) and also mechanically by harvesting operations. Flower infections are favored by long periods of wetness (6) . These infections establish quiescent mycelium in floral parts that ultimately infect and decay ripening fruit. Direct infection of fruit by conidia is not considered significant (24) . After initiation of the epidemic, the pathogen sporulates on diseased flowers and fruit. These spores become important sources of secondary inocula in annual production systems where flowers are continuously produced over several months.
Botrytis fruit rot is managed with a combination of chemical, cultural, and genetic methods. Limited research has been done to characterize differences in cultivar susceptibility in annual strawberry production systems. In both perennial and annual production, no cultivar is highly resistant to Botrytis fruit rot, although differences in susceptibility exist (16, 17) . In Florida, protectant fungicides such as captan or thiram are applied weekly and supplemented with other fungicides (i.e., iprodione) during peak flowering periods. Commercial growers in Florida use up to 24 applications of captan (2.3 to 3.4 kg a.i./ha) per season. In perennial systems, bloom applications of fungicides can effectively control Botrytis fruit rot (26) .
Cultural practices can be changed to improve the control of Botrytis fruit rot in strawberry by reducing inoculum through sanitation or by modifying canopy microclimate to produce conditions less favorable for disease. Removal of senescent foliage reduced disease incidence slightly in an annual system (12) . Commercial growers often remove senescent foliage after plant establishment. Growers also use drip instead of overhead irrigation to reduce free moisture and to prevent splash dispersal of pathogens. Growing strawberries under clear plastic tunnels also reduces leaf wetness duration and Botrytis fruit rot incidence (27) . Reducing plant density (22) by establishing wider within-row plant spacings or using cultural practices that promote air circulation and rapid drying within the fruiting canopy (19) have been recommended as methods to reduce diseases that require high humidity and leaf wetness.
Limited experimental evidence supports the widespread belief that growing plants in dense stands promotes epidemics (7) . Cercospora apii blight spread faster in close-spaced than wide-spaced celery (2) , and the reduction in disease progress was attributed to modified microclimate. However, at commercially viable plant densities, no spacing effects were detected (23) . Some cultivars of common bean have a higher incidence of white mold at higher plant densities (20, 25) , possibly because reduced air movement within the canopy favored disease development. Plant density did not affect cereal rust severity in mixtures of spring wheat and wild oats (18) .
In commercial agriculture, stand density usually is dictated by the need to optimize yield and maximize profits. In strawberry, plant spacing also is affected by the need to enter the field to regularly apply pesticides and harvest fruit. Annual strawberries typically are grown in two-row or four-row raised bed culture systems to allow for this movement. Most commercial production in Florida uses two-row beds due to high disease pressure from Botrytis fruit rot and other diseases such as anthracnose (Colletotrichum acutatum) and Phomopsis fruit rot (P. obscurans). In Florida, fruit harvested early in the season (November and December) receives a dramatically higher market price than fruit harvested late in the season. This requires growers to balance the benefits of higher planting densities and potentially higher early yields with the risk of increased disease incidence later in the season. This study was under
The effects of within-row plant spacing and cultivar on the incidence of Botrytis fruit rot (Botrytis cinerea) and marketable yield of annual strawberry were evaluated during the 1997-98 and 1998-99 seasons. Three cultivars (Camarosa, Rosa Linda, and Sweet Charlie) and four plant spacings (23, 30, 38 , and 46 cm) were evaluated. Marketable yield and the incidence of Botrytis fruit rot were determined twice weekly. Cultivar and spacing effects were analyzed for three periods each season (early, late, and whole season). In 1997-98, spacing effects were observed on weekly incidence of Botrytis rot for the late period (P = 0.0925) and on cumulative incidence for the whole season period (P = 0.0795). Further analysis of the late and whole season periods revealed a spacing effect for Camarosa (P = 0.0102). Spacing also had a dramatic effect on cumulative and weekly Botrytis incidence for the late and whole season periods during the 1998-99 season (P ≤ 0.0014), when narrower spacings had higher incidence of Botrytis than wider spacings. Marketable yields were higher at narrower spacings during the early period for both seasons. Whole season marketable yields were also higher at the narrower spacings despite higher incidence of Botrytis. There were significant differences in susceptibility among cultivars.
Additional keywords: cultural control, epidemiology, Fragaria × ananassa, plant density taken to determine the effects of withinrow plant spacing and cultivar on the incidence of Botrytis fruit rot of strawberry.
MATERIALS AND METHODS
Experiments rows of Camarosa were planted at 38-cm spacing on the outside beds on each side of the experiment and in 3-m plots on both ends of each bed to maintain uniform environmental conditions. Transplants were irrigated overhead for 10 days to facilitate establishment, then irrigated and fertilized by drip lines. Captan (3.4 kg/ha) was applied weekly by tractor at 940 liters/ha to moderate the severity of Botrytis fruit rot.
Fruit were harvested twice weekly except for one harvest the final week of each season: 9 December 1997 to 30 March 1998 (33 harvests) and 30 November 1998 to 29 March 1999 (35 harvests). Fruit was graded into marketable or unmarketable on the day harvested. Marketable fruit were counted and weighed. Unmarketable fruit were sorted into number of fruit with Botrytis rot or other cull characteristics (i.e., other diseases, misshapen fruit, small fruit, etc.).
General precipitation, humidity, leaf wetness, and temperature were continuously monitored by a weather station (Adcon Telemetry, Boca Raton, FL) placed within a bed of strawberry plants. Weather data collected at GCREC-Dover from 1965 to 1995 were used to calculate 30-year averages. Statistical analysis was performed using SAS (SAS Institute, Cary, NC). Botrytis fruit rot incidence was transformed (arcsine square root) prior to analysis. For general comparisons, analyses of variance were performed for cumulative Botrytis fruit rot incidence and marketable yield for the early period (harvests from first 8 weeks), late period (all harvests after first 8 weeks), and the whole season data sets. Botrytis fruit rot incidence was calculated as the percentage of fruit with Botrytis rot from the total number of fruit harvested during the period. Total marketable yield was the cumulative yield for all harvests during a period. Mean comparisons of cultivar effects were made by Fisher's protected least significant difference (LSD) (P ≤ 0.05). When significant cultivar × spacing interactions were found, analyses were performed separately for each cultivar, and variance was partitioned to test for linear, quadratic, and cubic trends.
The effects of cultivar and spacing on Botrytis incidence over time were analyzed by repeated measures analysis of variance (8, 11) using the SAS general linear model procedure (Proc GLM) with the repeated option. Time interactions were tested with Wilks' λ. Weekly Botrytis incidence was expressed as the average percentage of Botrytis fruit rot for the two harvests during each weekly period, except for the final week, when fruit were harvested once. Repeated measures analysis of variance was done for the early and late periods and for the whole season. When significant spacing effects were found, variance was further partitioned into linear, quadratic, and cubic components, and their significance was tested.
RESULTS
Botrytis fruit rot epidemics were severe in both seasons (Fig. 1) , although the epidemic was most severe in 1997-98. Differences in the incidence of Botrytis among cultivars was highly significant during all three periods both seasons ( Table 1 ). The ranking of cultivar susceptibility to Botrytis was consistent over all three periods (early, late, and whole season) both seasons. Sweet Charlie had the highest mean incidence each period, followed by Camarosa and Rosa Linda ( Table 2 ). The differences in the incidence of Botrytis among cultivars was very large. Rosa Linda had 52% lower incidence of Botrytis fruit rot than Camarosa and 71 to 86% lower incidence than Sweet Charlie over the two seasons.
In the 1997-98 season, plant spacing had no effect on Botrytis incidence during the early and late periods (Table 1) . However, spacing did affect (P = 0.0795) Botrytis incidence over the whole season. Because of significant cultivar × spacing interactions during the late and whole season periods, spacing effects during these periods were evaluated separately for each cultivar (Table 3) . For Camarosa, spacing had a significant effect on the incidence of Botrytis during the late period (P = 0.0102) and for the whole season (P = 0.0023). The narrowest spacing of Camarosa had the highest incidence of Botrytis, the intermediate spacings were intermediate, and the widest spacing had the lowest incidence.
The widest spacing (45.7 cm) had 40 and 44% lower incidence of Botrytis than the narrowest spacing (22.9 cm) during the late period and the whole season, respectively, and this amounted to a 4.5 to 5.4% reduction in the incidence of Botrytis. Spacing did not affect the incidence of Botrytis for Rosa Linda or Sweet Charlie.
In the 1998-99 season, spacing had an extremely significant effect on the incidence of Botrytis for the late period and the whole season (P = 0.0001) ( Table 1 ). Spacing differences in the incidence of Botrytis were also found for the early period (P = 0.0928). There were significant linear correlations (P = 0.0001) between spacing and the incidence of Botrytis during the late period and for the whole season (Table 1 ). Narrower spacings (22.9 and 30.5 cm) had higher incidences of Botrytis than wider spacings (38.1 and 45.7 cm) ( Table 2 ). Although the incidence of Botrytis at the wider spacings was 26 to 42% lower than at the narrower spacings during these periods, this was a real reduction of only 1.2 to 2.1% in incidence of Botrytis.
The characteristics of Botrytis fruit rot epidemics were different each season (Fig.  1) . In 1997-98, Botrytis incidence peaked once in mid-December and once in midJanuary. In 1998-99, Botrytis incidence increased until mid-February and then declined during the final 6 weeks. Weekly incidence of Botrytis on Sweet Charlie was as high as 69% in 1997-98 and 39% in 1998-99. Weekly incidence of Botrytis was also relatively high for Camarosa in 1997-98, but moderate in 1998-99. Rosa Linda had moderate to low Botrytis incidence both seasons. The peaks in the incidence of Botrytis occurred at the same weeks among the different cultivars and spacings both seasons.
Repeated measures analysis of variance indicated that cultivar significantly affected weekly incidence of Botrytis fruit rot during both the early and late periods both seasons (Table 4) . No significant row spacing effect occurred during the early period each season. Spacing had an effect on the incidence of Botrytis during the late period in 1997-98 (P = 0.0952) and an extremely significant effect during the late period in 1998-99 (P = 0.0001). Over the whole season, spacing affected the incidence of Botrytis (P = 0.0014) only in 1998-99. The spacing effects in 1998-99 were linearly correlated with the incidence of Botrytis (Table 4) , with the wider spacings having lower levels of Botrytis than the narrower spacings.
Time and time × cultivar interactions significantly affected weekly incidence of Botrytis during early and late periods both seasons (Table 4 ). Significant time × cultivar interactions indicate that Botrytis fruit rot development over time differed among cultivars over time. The cultivar × spacing interaction from the repeated measures analysis was significant for the early period in 1997-98 (Table 4) . Unexpectedly, the interaction was primarily due to a significant spacing effect for Camarosa during the first month of the season. A significant cultivar × spacing interaction was also found for the whole season in 1997-98. No cultivar × spacing or time × spacing interactions occurred in 1998-99 (Table 4) .
The general harvesting patterns shown by marketable yield were dramatically influenced by weather conditions each season (Fig. 2) . Higher temperatures in 1998-99 caused the first peak harvest to occur 2 weeks earlier than in 1997-98. The second peak harvest in 1998-99 was also extremely early (18 January) and did not produce much fruit. The third peak occurred during March of the 1998-99 season and accounted for the majority of fruit harvested. A third peak did not occur in 1997-98.
Cultivar effects on total marketable yield were extremely significant (P < 0.0001) during the early and late periods both seasons (Table 1) . In 1997-98, Camarosa had significantly higher marketable yield than the other cultivars during the early period, and Rosa Linda had the highest yields during the late period (Table 2) . During the 1998-99 season, the yield of Rosa Linda was significant higher than other cultivars during both early and late periods. Sweet Charlie had the lowest marketable yield during the early period both seasons despite the high early yield characteristics of the cultivar (9) .
Marketable yields were affected by plant spacing during the early period and whole season in 1997-98 and during all three periods in 1998-99 (Table 1) . Plant spacing had a highly significant linear correlation with marketable yield both seasons. Higher marketable yield occurred at narrower spacings than at wider spacings during the early period and whole season in 1997-98 and during all three periods in 1998-99 (Table 2) . Marketable yields at the widest spacing (45.7 cm) were 31 and 34% lower than at the narrowest spacing (22.9 cm) for the early period in 1997-98 and 1998-99, respectively. Marketable yields at the 45.7-cm spacing were 7 and 22% lower than at the 22.9-cm spacing for the whole season in 1997-98 and 1998-99, respectively.
Weather conditions during the two growing seasons were markedly different (Fig. 3) . Precipitation was 68 cm higher than the 30-year average in 1997-98 and 26 cm lower in 1998-99. Average temperatures were marginally higher than the 30-year average in 1997-98 (18.3°C versus 18.1°C) but substantially higher in 1998-99 (19.8°C). Interestingly, the average daily leaf wetness duration was higher during 1998-99 (11.9 h versus 7.7 h) despite the lower precipitation that season (Fig. 3) .
DISCUSSION
Wider within-row plant spacing reduced the incidence of Botrytis fruit rot compared with narrower spacings. Levels of susceptibility to Botrytis fruit rot differed among the three cultivars evaluated in this study. Sweet Charlie had the highest mean incidence, followed by Camarosa and Rosa Linda. Plant spacing also affected marketable yield significantly. Narrower spacings produced higher yields during the early period and whole season than did the wider spacings.
Plant spacing may affect Botrytis fruit rot in several ways (7) . Direct effects on host density include changes in the number of target hosts available to intercept inoculum and the spatial relationship between the hosts and spore dispersal gradients. Plant density can affect the splashdispersal of conidia of Colletotrichum acutatum in strawberry (3). Because conidia of B. cinerea are primarily wind dispersed, the effect of plant density on spore dispersal and deposition would likely be diminished compared with C. acutatum. Indirect effects also may cause a reduction in disease. Changes in plant size due to spacing may affect fungicide application and harvesting efficiency. Increased plant density could reduce the efficacy of fungicide applications by obstructing plant coverage. Because captan was applied weekly during the season, the increase in Botrytis incidence with tighter plant spacing could have been related to reduced fungicide coverage. Increased plant density also could affect fruit harvest late in the season, when plants were larger and harvest was more difficult (1) . In narrower plant spacings, more fruit may escape timely harvesting and contribute to increased levels of inoculum. Modification of microclimate also has been suggested as the cause of disease reduction from wider plant spacings in other host-pathosystems (2, 7, 15) ; however, it is extremely difficult to evaluate the influence of canopy microclimate on disease. English et al. (10) found that removal of leaves around grape clusters reduced Botrytis bunch rot (B. cinerea), but differences in microclimate variables within the canopies were not sufficient to explain the control.
Although spacing affected the weekly incidence of Botrytis fruit rot during the late period both seasons, the spacing effect was cubically correlated with incidence during the 1997-98 season and linearly correlated during the 1998-99 season. Environmental factors may be the primary cause of differences in spacing effect between the two seasons (Fig. 1) . Mean temperatures were lower the first season (18.3°C) than during the second season (19.8°C). Precipitation was also dramatically different in frequency and accumulation. Cumulative precipitation was much higher during the 1997-98 season (15.5 cm) than during the 1998-99 season (1.9 cm), and there was a total of 55 significant rain events (≥0.025 cm/day) the first season compared with only 30 the second season.
We hypothesize that the extreme precipitation events during the 1997-98 season could have masked the effect of plant spacing on the incidence of Botrytis and caused an overall increase in disease regardless of spacing. The cumulative incidence of Botrytis fruit rot during the 1997-98 season was double that of the 1998-99 season. Precipitation is important in the sporulation and dispersal of many pathogens. Frequent rains could have increased the splash dispersal of inoculum, possibly overwhelming the advantageous effects of wider plant spacing on airborne spore dispersal. Because infection of flowers and fruit, and subsequently inoculum production, are favored by increased wetness duration (6, 21) , frequent precipitation could have diminished the effect of spacing on wetness duration and other microclimatic conditions within the canopy. Although the average daily wetness duration recorded outside the canopy was higher during the second season (11.92 h versus 7.68 h), an external sensor cannot accurately estimate the effect of precipitation on leaf wetness duration within the canopy. The relatively large number of infected fruit in 1997-98 probably contributed to increased production of inoculum. High levels of airborne and splash-dispersed inoculum would increase the level of interplot interference and diminish the benefits of wider plant spacing. Therefore, high levels of rainfall during the 1997-98 season could have overwhelmed the beneficial effects of wider spacing on the incidence of Botrytis.
The incidence of Botrytis fruit rot during the early period was not affected by plant spacing either season. This was expected, since strawberry plants in annual production systems are small early in the season. In Florida, small runner-produced plants grown in Canadian nurseries are transplanted into fruiting fields in October. The plants grow and produce new foliage and flowers throughout the season. The incidence of Botrytis fruit rot is most likely to be affected by plant spacing in February and March, when plants become large and the canopy closes, and this is when significant spacing effects occurred on Camarosa in 1997-98 and on all cultivars in 1998-99. Spacing had a significant effect on the cumulative incidence of Botrytis only for cultivar Camarosa during the late period (P = 0.0102) and the whole season (P = 0.0023) in 1997-98 when cultivars were analyzed separately due to cultivar × spacing interactions. The cumulative incidence of Botrytis was not affected by spacing for either Rosa Linda or Sweet Charlie during these periods. This difference could be explained by the variation in plant habits among the cultivars. Camarosa has the largest growth habit of the three cultivars, and this would cause a more severe crowding of the plant canopy at the narrower plant spacings. However, the incidence of Botrytis was affected by spacing for all three cultivars during the late period and whole season in 1998-99.
Botrytis fruit rot incidence was strongly affected by cultivar both seasons. Sweet Charlie was the most susceptible cultivar evaluated in this study and is grown extensively in Florida (40 to 50% of acreage) and other subtropical areas. This cultivar is preferred by growers due to its ability to produce high-quality, good-flavored, early season fruit and its high level of resistance to anthracnose fruit rot (C. acutatum) (9) . Growers frequently suffer high yield losses to Botrytis fruit rot when using this cultivar and rely heavily on fungicides to minimize losses. Camarosa is the other main cultivar grown in Florida (30 to 40% of acreage). Camarosa is less susceptible to Botrytis than Sweet Charlie but does not normally produce high yield in the early season and is extremely susceptible to anthracnose fruit rot. Rosa Linda was the cultivar least susceptible to Botrytis fruit rot. This cultivar also is less susceptible to anthracnose fruit rot than Camarosa, although it is not as resistant as Sweet Charlie. Rosa Linda appears to be a cultivar that should be considered by growers who wish to minimize fruit rots and maximize marketable yields.
To increase profits, growers try to maximize marketable yields for both the high-value early period and the whole season. For winter strawberry producers, prices during the early part of the season are often two to five times higher than during the rest of the season. Using narrower plant spacings can significantly increase early yield, although Botrytis fruit rot incidence may be increased later in the season. Despite the higher incidence of Botrytis fruit rot at narrower spacings, marketable yields were still higher than at wider spacings. Higher profits from increased early and total marketable yield at narrower spacings are somewhat offset by the increased costs associated with using more plants. The average cost of transplants used in Florida is approximately $80 per 1,000. There are 27,000 more plants per hectare at the narrowest spacing (22.9 cm) than at the industry standard (38.1 cm), and this represents an increase in plant costs of $2,160 per hectare. When narrow plant spacings are used to increase early marketable yields, growers should consider using less-susceptible cultivars such as Camarosa or Rosa Linda, although even highly susceptible cultivars like Sweet Charlie can produce high marketable yields at narrow spacings.
